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Abstract 
During operation, nuclear graphite structures are exposed to gradients of neutron radiation and temperature. They are also prone 
to radiolytic oxidation, subsequent porosity changes and weight loss. These processes cause significant changes in the material
properties of graphite and create complicated stress fields within graphite bricks. Significant efforts have been made to analyse 
these stresses over recent years. In this paper, the influence of stresses within a typical graphite brick, during operation, on crack 
growth is studied. A finite element (FE) mechanical constitutive model is implemented in ABAQUS as a user-subroutine 
(UMAT) in conjunction with a damage model to simulate crack growth within the graphite brick. The damage model is a linear 
traction separation model and it is applied with XFEM enrichment to model crack initiation and growth. The results indicate that 
the cracks initiate in the vicinity of the keyway roots where the maximum principal stress is at its peak. Complete failure was not 
observed from the simulation of the graphite brick under 30 years of irradiation conditions with a maximum brick temperature of 
500oC. Computed stresses and crack lengths were found to be largely dependent on the FE mesh refinement and the results of 
mesh sensitivity studies are also presented in this paper. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
The current generations of nuclear reactors in the UK are gas cooled graphite moderated reactors. For this type of
reactors, graphite is used as part of the inner core structures as well as a neutron moderator to slow down the speed 
of the neutrons for the required nuclear fission (Simmons, 1965). The graphite bricks are joined together with keys 
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and keyways to form core structures. Throughout the lifetime, they are subjected to deformation caused by thermal 
and radiation loads. For safe reactor operation, the structural integrity and lifetime prediction of the graphite bricks 
are paramount. A stress analysis code to be used with Abaqus software has been developed by Tsang and Marsden 
(2006). The code calculates stresses and strains corresponding to specific loading conditions and material properties. 
To assess the safe lifetime of graphite bricks due to cracking caused by complex loading conditions, usage of 
either continuum damage mechanics or fracture mechanics approach is necessary. A damage mechanics approach 
uses a damage variable which is dependent on various underlying processes; in this case they can be the porosity 
changes due to oxidation, dimension changes causing stresses and microstructure changes from fast neutron damage. 
These parameters influence a combined damage parameter which is used to calculate the material stiffness after 
degradation. The removal of completely damaged sections of the components can be simulated using an element 
deletion technique in the FE modelling software (Abaqus, 2011).  
On the other hand, the fracture mechanics approach makes use of material properties such as the critical tensile 
stress and, the critical strain energy release rate to predict the propagation of the cracks. In this paper, a fracture 
mechanics based method is applied in conjunction with the extended finite element method (XFEM) to model the 
failure of graphite bricks under irradiation and radiolytic oxidation.   
2. FE model  
2.1. Applied loads on the graphite brick  
For the current problem, no mechanical load is applied to the graphite brick. A constant temperature field, and 
irradiation fluence (varies linearly with time) are applied over an assumed period of 30 years of plant operation. 
These loads vary from the maximum values at the inner region to the minimum at the outer region along the radial 
direction of the graphite brick. Temperature varies linearly from 500˚C to 400˚C whereas the end of operation 
fluence varies quadratically from ~106×1020 n/cm2 to 213×1020 n/cm2. At the end of operation, the brick is cooled 
down to 20˚C. Based on these variable loads, seven different strain components are calculated using the UMAT 
(Tsang and Marsden, 2006). The strains are composed of elastic strain, primary and secondary irradiation creep 
strains, dimensional change (DC) strains due to irradiation, thermal strain and interaction strains due to the influence 
of creep on the coefficient of thermal expansion (CTE) and dimensional change strains. A complex stress field is 
created within the brick because of the mismatch stresses created by variable loads along the radial direction of the 
brick.  
2.2. Methodology for fracture mechanics based failure analysis 
Failure criteria have to be specified in the FE model to simulate crack initiation and growth within the brick 
based on the stresses calculated from the UMAT by Tsang and Marsden (2006). In this work, the extended finite 
element method (XFEM) is used in conjunction with a linear traction separation damage model shown in Fig 1. The 
former is used since it is capable of initiating cracks arbitrarily based on a user-defined damage initiation criterion 
without the initial definition of a crack path. In this case, it is assumed that damage initiates when the maximum 
principal stress is higher than the traction at point X. The tensile strength of the material is usually taken as the 
maximum traction (shown as point X in Fig. 1).  
When the load is applied, both the separation (δ) of crack surfaces and the traction (T) across the crack increase. 
For a brittle material, when the traction reaches point X, the material is assumed to fail abruptly. However, a quasi-
brittle material like nuclear graphite has a strain softening region beyond point X due to microcracking and grain 
bridging region near the crack tip (Sakai et al., 1988). The line XZ in Fig. 1 represents the strain softening region. 
Along XZ, traction at the interface decrease as the crack separates until the complete failure with critical separation 
(δz) at point Z and the crack tip propagates further. The direction of crack propagation for the current study is 
assumed to be orthogonal to the direction of the maximum principal stress to represent mode I failure. If unloading 
occurs along the line XZ (e.g. at Y), the traction and the separation are assumed to go back to the origin (O). When 
the material is reloaded, its stiffness (m) degrades to Eq (1) where Tu is the traction without damage and D is the 
damage parameter. D can be expressed in terms of the critical separation (δz) as shown in Eq (2). 
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The area under the traction-separation curve of Fig. 1 (Area of ∆OXZ) is related to the critical strain energy 
release rate (G) of the material. For a plane strain Mode I failure, G can be simply related to fracture toughness (K) 
and elastic modulus (E) of the material as follows: 
E
KG
2
  (3) 
 The procedure for predicting the failure of the graphite brick using Abaqus is shown in Fig. 2. For every 
analysis, profiles of four field variables (operating and irradiation temperatures, irradiation fluence, and weight loss) 
are implemented to resemble reactor operating conditions. The resultant stresses, calculated using the Abaqus 
solver, are used in the linear damage model to predict crack growth.   
 
 
Fig. 1: Linear damage model (Abaqus, 2011) Fig. 2: Flowchart for FE modelling with cohesive/XFEM crack growth 
2.3. Geometry and FE mesh of the graphite brick 
The graphite brick geometry used in the current study is based on the one used by Tsang and Marsden (2006). 
The dimensions of the brick slice are shown in Fig. 3. The fillet radius at the corner of the keyway is 6mm. Only one 
eighth of the brick is used for the FE model by applying appropriate symmetry and circumferential periodic 
boundary conditions as described in Li et al. (2014). A typical FE mesh of the brick section is shown in Fig. 4 where 
linear 2D plane strain elements (CPE4) are used.  
The damage model for crack propagation within the graphite brick is a stress driven model as explained in 
Section 2.2. Therefore, the initiation and propagation of cracks are highly dependent on the stress fields within the 
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model. As a result, mesh sensitivity studies for stresses within the FE model are necessary in order to predict the 
failure of graphite brick accurately. To investigate the minimum mesh density required for the site where the crack 
initiates, meshes are refined in the vicinity of the corner of the keyway root (shown as point A in Fig. 4). For this 
study, a crack free model was used. 
Additionally, a mesh sensitivity study was carried out using the damage model with cracks.  This is important for 
two reasons. Firstly, the XFEM enrichment does not include a crack tip enrichment function (Abaqus, 2011). 
Therefore, the crack always propagates through a whole element once the crack initiation criterion has been satisfied 
and the crack tip ends at the element boundary. Using insufficient elements will not predict the crack length and 
propagation direction accurately. Secondly, adaptive meshing (automatic refinement of the meshes) around the 
crack tip during the processing stage is not currently available in Abaqus when XFEM enrichment is activated. 
Therefore, an accurate mesh density has to be designed at the pre-processing stage along the predicted crack 
propagation path. For this analysis, the crack is expected to initiate at the fillet region A shown in Fig. 4 and to 
propagate toward the inner diameter of the brick. The crack is assumed to propagate perpendicular to the keyway 
root similar to the assumption made by Zou et al. (2006).  
 
 
 
Fig. 3: Geometry of the graphite brick (Shaded region is used as the FE model) Fig. 4: A typical FE mesh used for the graphite brick 
2.4. Material properties 
The graphite used for the current analysis is near isotropic, moulded graphite with spherical Gilsocarbon filler 
and coal tar pitch binder. It is mainly used in UK gas cooled reactor with CO2 coolant. Physical and mechanical 
properties of virgin graphite are shown in Table 1. Derivations of changes in the material properties due to 
irradiation are presented in detail by Tsang and Marsden (2006). 
Table 1. Typical material properties for virgin isotropic graphite (Tsang and Marsden, 2006) 
Material properties Values 
Mean coefficient of thermal expansion (CTE) 4.35 × 10-6 (°C-1) 
Elastic modulus 9.545 (GPa) 
Poisson’s ratio 0.2 
Ratio of static to dynamic elastic modulus 0.84 
 
To simulate crack growth within the graphite brick, the tensile strength and critical strain energy release rate (G) 
are required and the values for virgin graphite are shown in Table 2. Empirically derived evolution of tensile 
strength (Eason et al., 2013), due to irradiation and weight loss from oxidation in CO2, is also implemented in the 
model. However, experimental results are not available for the effects of both irradiation and weight loss on the 
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strain energy release rate (G). Hence, it is assumed that irradiation does not affect G, and changes in G due to weight 
loss by oxidation are employed here using the empirical results from Ouagne et al. (2005).   
Table 2. Strength of virgin isotropic graphite (Shi et al., 2004) 
Material properties  Values 
Tensile strength  22.3 (MPa) 
Critical strain energy release rate 200 (J/m2) 
3. Results and discussions 
3.1. Stresses and resultant cracks within the graphite  brick 
The deformation of the graphite brick can be studied in two phases; the overall shrinkage phase and the 
expansion of the brick phase. The former stage is driven by shrinkage strain due to dimensional change. 
Concentration of the maximum principal stress is observed at the fillet region of the brick as shown in Fig. 5. 
Further shrinkage stops after 21 hr of radiation, and at this point the dose in most of the brick cross-section is higher 
than 100×1020 n/cm2, which is the turnaround point for the dimensional change (DC) strain as described by Tsang 
and Marsden (2006). Beyond this turnaround point, the dimensional change strain is positive and this leads to the 
overall expansion of the brick. During this stage, maximum principal stress at the fillet region of the brick continues 
to rise and the crack initiates when the stress exceeds the tensile strength of the graphite. A typical crack within the 
brick at the end of operation is illustrated in Fig. 6. Throughout the simulation, irradiation creep not only reduces the 
overall stress level within the brick but also modifies the CTE and DC, and respective thermal and DC strains.  
 
 
 
Fig. 5: Maximum principal stress contour of the graphite brick 
at the end of shrinkage phase; original brick shape is shown as 
dotted lines (Note: the deformation is scaled five times higher) 
Fig. 6: Crack growth within the graphite brick at room temperature after 
irradiation for 30years at maximum temperature of 500˚C  
3.2. Mesh convergence analysis 
Von Mises stress is chosen as the parameter for investigating the mesh sensitivity of a crack free model since the 
value depends on all stress components. Fig. 7 shows the effect of mesh refinement on the maximum von Mises 
stress output from the model. When 900 elements are used in a 6mm×6mm square area, the change in stress is less 
than 2% and therefore it can be assumed as the minimum density required for prediction of crack initiation site.  
For the model with crack growth, the mesh sensitivity of the final crack length at the end of cooling after 
irradiation was investigated. From the crack-free analysis, it was observed that the maximum principal stresses 
Fillet region at which 
principal stress is 
maximum
The region at which 
the peak maximum 
principal stress occurs 
(MPa) 
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occur at the corner of the keyway root similar to the maximum von Mises stresses. Cracks initiate at those regions 
and propagate toward the inner region of the brick. The final crack lengths of the graphite brick for different mesh 
densities are plotted in Fig. 8. The crack length seems to be very sensitive to the mesh density as more than 50% 
difference in crack length between the models with the finest and the coarsest meshes can be found. The finer the 
mesh, the longer the final crack length is obtained. 5% increase in the crack length can be observed when 144 
elements are used in a 6mm × 6mm square and further mesh refinement is required to confirm mesh convergence. 
Nevertheless, when finer meshes are used, multiple initiations of cracks and intersection of these cracks at a single 
node occur. Since the XFEM enrichment in Abaqus does not allow crack intersection (Abaqus, 2011), studies with 
meshes finer than 144 elements (in a 6mm × 6mm square) were not attempted. Further mesh convergence studies to 
avoid this difficulty may be performed using a user-defined element, UEL (Abaqus, 2011) to implement the XFEM 
enrichment scheme instead of using the default scheme provided by Abaqus. This will be carried out in future work. 
 
  
Fig. 7: Sensitivity of maximum von Mises stresses within the 
graphite brick model to mesh refinement 
Fig. 8: Sensitivity of the final crack length within the graphite brick 
model to mesh refinement 
4. Conclusions 
Numerical simulations have been carried out by coupling the constitutive stress analysis code of irradiated 
graphite with a cohesive linear damage model with XFEM to predict failure of irradiated graphite bricks under 
service conditions. The result shows that the crack, due to differential stresses arising from variable loads across the 
brick, is generated at the corner of keyway root. Subsequent mesh analyses indicate that the stresses and the 
resultant crack length within the brick are highly sensitive to mesh density.  
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